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Abstract
 Amphibian declines have been occurring world wide over the past several 
decades. Infectious disease and environmental changes have been implicated as the 
causative agents in these declines. Fish stocking from hatcheries provides a unique 
opportunity for organisms, including infectious diseases, to travel over long distances. 
Ranavirus was previously found in two ponds at Harrison Lake National Fish Hatchery 
in Charles City County, Virginia. Therefore, the primary objective of this study was to 
determine if ranavirus is present in tadpoles from four warm water fish hatcheries in 
Virginia. A secondary objective of this study was to determine if there are relationships 
between environmental variables and the proportion of tadpoles that test positive for 
ranavirus. Ranavirus was detected via PCR in three of the four warm water fish 
hatcheries, Harrison Lake National Fish Hatchery, Front Royal Fish Hatchery, and King 
and Queen Fish Hatchery, but was not detected at Vic Thomas Fish Hatchery. 
Temperature and the length of time a pond is filled with water were significant predictors  
of the proportion of tadpoles that tested positive for ranavirus, as determined by logistic 
regression analysis. Results from this study indicate that ranavirus is present in Virginia 
warm water fish hatcheries and can be found over multiple years. Precautions should 
be taken to ensure that ranavirus is not spread when fish are transferred from one 
hatchery to another or to the wild.
vii
Chapter 1
Introduction
Amphibian Declines and Iridoviruses
 Since the late 20th century, amphibian population declines have been 
increasingly noted world-wide (Harp and Petranka 2006, Daszak et al. 1999, Houlahan 
et al. 2000). Noticeably, amphibian declines have been occurring in areas thought to be 
“pristine” and have been occurring over large spatial scales (Collins and Storfer 2003).  
Amphibians are generally thought to be good indicators of environmental health, so their 
decline could be indicative of larger environmental problems that could affect a large 
variety of species (Collins and Storfer 2003). Possible causes for amphibian declines 
include changes in local climate, acid rain, UV-B irradiation, disease, introduction of 
alien species, over-exploitation of amphibian populations, infectious diseases, or a 
combination of these factors (Collins and Storfer 2003, Houlahan et al. 2000, Harp  and 
Petranka 2006, Daszak et al. 1999, Daszak et al. 2003).
  Emerging infectious diseases, especially chytridiomycosis and iridoviral 
infections, have been found to play a major role in the decline of amphibian species 
(Daszak et al. 1999, Green and Dodd 2007, Harp and Petranka 2006, Jancovich et al. 
2005). Chytridiomycosis, caused by the fungus Batrachochytrium dendrobatidis (Bd), 
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infects the keratinized tissue of amphibians, resulting in epidermal hyperplasia in adult 
frogs (Daszak et al. 1999). While chytridiomycosis is currently believed to be the most 
direct link between disease and population declines, iridoviral infections also have a 
major impact on amphibians (Daszak et al. 1999, Daszak et al. 2003). Iridoviral 
infections have resulted in mortality of frogs and salamanders at numerous latitudes and 
elevations in five continents (Gray et al. 2009).  
 The family Iridoviridae is divided into five genera, Iridovirus, Chloriridovirus, 
Lymphocystivirus, Megalocytivirus and Ranavirus (Chinchar et al. 2009). These are 
large, double-stranded DNA viruses capable of infecting a variety of organisms. Of the 
four genera, Ranavirus is capable of infecting fish, reptiles, and amphibians (Chinchar 
2002). Of the 6 known Ranavirus species, Frog virus 3 (FV3), Bohle iridovirus (BIV), 
and Ambystoma tigrinum virus (ATV) are capable of infecting amphibians (Gray et al. 
2009). A fourth possible virus that infects amphibians, Rana catesbeiana virus Z (RCV-
Z), has been proposed based on viral sequence differences (Majji et al. 2006). 
Ranaviruses can not replicate at temperatures over 32°C, though protein synthesis can 
occur at temperatures as high as 37°C (Chinchar 2001). Over the past several years, 
ranavirus infections have been implicated in amphibian deaths throughout North 
America (Bollinger et al. 1999, Green et al. 2002, Greer et al. 2005, Harp and Petranka 
2006, Jancovich et al. 1997, Petranka et al. 2003), as well as Europe, South America, 
Asia, and Australia (Jancovich et al. 2005). Approximately 43% of all amphibian die-offs 
in the United States from 2000-2005 were due to ranavirus (Gray et al. 2009). Die-offs 
due to ranaviral infections have been reported in both common and rare amphibian 
species, including northern leopard frogs (Rana pipiens), bullfrogs (R. catesbeiana), 
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green frogs (R. clamitans),  Cane toads (Bufo marinus), tiger salamanders (Ambystoma 
tigrinum) and spotted salamanders (A. maculatum), and thus represent a growing threat 
to amphibian populations (Gray et al. 2009, Green et al. 2002, Greer et al. 2005, 
Daszak et al. 1999, Docherty et al. 2007). While tadpoles appear to be the most 
susceptible, with mortality rates up to 90%, adults are also susceptible to disease 
(Daszak et al. 1999). Variation in susceptibility among individuals has been observed, 
and may be related to adaptive immune responses (Gantress et al.  2003). When 
present, symptoms include hemorrhaging, emaciation, lethargy, lesions, and death 
(Harp and Petranka 2006, Daszak et al. 1999, Gray et al. 2009). Time to death varies, 
and may occur within only a few days of infection (Gray et al. 2009).
 Little is known regarding the prevalence of ranavirus in the wild in the absence of 
a disease outbreak (Greer et al. 2009).  However, from what is known, the prevalence 
appears to greatly vary. Gray et al. (2007) reported that the prevalence of FV3 in green 
frog and bullfrog tadpoles collected from Tennessee wetlands that had been exposed to 
cattle and had not been exposed to cattle was 40% and 15%, respectively,  and that the 
prevalence of disease appeared to vary by season. Prevalence of ATV positive tiger 
salamanders collected from ponds in the North Kaibab National Forest, Arizona ranged 
from 0% to 57% (Greer et al. 2009). More studies monitoring for ranavirus in 
populations that are not experiencing an outbreak should be performed in order to 
increase knowledge of disease levels in natural settings and to determine if these levels 
vary by season.
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Amphibian Immune System and Disease Susceptibility
 The immune system of the African clawed frog, Xenopus laevis, has been 
relatively well studied (Du Pasquier et al. 1989). The immune system, which is 
fundamentally similar to that of mammals (Gantress et al. 2003), provides resistance to 
pathogens via innate and adaptive immunity (Carey et al. 1999, Chinchar et al. 2001, 
Maniero and Carey 1997, Gantress et al. 2003, Robert et al. 2005). 
 The innate immune system of amphibians includes phagocytic cells, natural killer 
cells, and anti-microbial peptides (Carey et al. 1999). Dermal antimicrobial peptides are 
commonly undetected until metamorphosis (Conlon et al. 2009), but studies have 
shown the presence of peptides in some anuran larvae (e.g. Wabnitz et al. 1998). 
Certain antimicrobial peptides isolated from adult amphibians have been shown to 
directly inactivate FV3 by membrane interruption in vitro, thus preventing infection, over 
a wide range of temperatures (Chinchar et al. 2001). 
 The adaptive immune system of adult Xenopus includes T- and B- cell 
lymphocytes, major histocompatibility complex (MHC) class I and class II genes, 
immunoglobins, and cytokines (Carey et al. 1999, Du Pasquier et al. 1989, Robert et al. 
2005, Gantress et al. 2003). Significant differences exist between adult and larval 
amphibians, including the absence of MHC class I molecule expression and difficulty in 
immunoglobin switching to IgY (Du Pasquier et al. 1989 and Gantress et al. 2003). 
 Thus, the susceptibility of anuran larvae to infectious diseases may be influenced 
by Gosner stage (stages of frog development from egg to metamorphosis), at least in 
some species (Gray et al. 2007, Duffus et al. 2008). Gray et al. (2007) noted a predicted 
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28% decrease in the probability of FV3 infection with each unit increase in Gosner stage 
for American bullfrog (Rana catesbeiana) tadpoles. Wood frog (Rana sylvatica) tadpoles 
collected from ponds in the wild above Gosner stage 38 did not test positive for FV3, 
whereas earlier stage tadpoles from the same ponds did (Duffus et al. 2008).  Full 
immunocompetence is not reached for several amphibian species until metamorphosis 
(Carey et al. 1999). As the immune system continues to develop as the tadpole grows, it 
is expected that the ability to fight off fungal, bacterial, and viral infection will increase.
 Environmental stressors have been shown to negatively impact the immune 
system of amphibians. Immunosuppression via gamma irradiation increases 
susceptibility and mortality of Xenopus due to FV3, indicating that a fully functioning 
immune system is required to fight off infection (Robert et al. 2005).  Exposure to UV-B 
radiation can suppress the immune system in mammals making them more susceptible 
to disease, and it is likely that this is true for amphibians as well (Carey et al. 1999). 
Temperature fluctuations have also been implicated in contributing to amphibian 
disease. Sustained cold temperatures, such as those experienced during hibernation, 
have been shown to significantly reduce serum complement levels and T-lymphocyte 
proliferation in adult Rana pipiens, thus reducing the ability to respond to an infectious 
agent (Green and Cohen 1977 and Maniero and Carey 1997). Other environmental 
chemicals, such as pesticides and herbicides, can increase the susceptibility of 
amphibians to ranavirus infection. Atrazine, a commonly used herbicide and a known 
endocrine disruptor, is often co-applied with nitrogenous fertilizers to crops when larval 
amphibians are developing (Forson and Storfer 2006). Amphibians exposed to 
increasing levels of sodium nitrate or atrazine have significantly reduced leukocyte 
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counts, suggesting that both chemicals are immunosuppressants. Moderate levels of 
atrazine were shown to increase infection rates in tiger salamanders (Forson and 
Storfer 2006). Interestingly, Forson and Storfer (2006) found that high concentrations of 
sodium nitrate resulted in a lower infection rate of tiger salamanders with ATV compared 
to moderate concentrations of sodium nitrate and no sodium nitrate, though with a p-
level of 0.054. More work should be conducted to determine the effect of nitrogenous 
fertilizers on ATV infection. Background concentrations of nitrogen and phosphorus in 
freshwater streams and ground water are considered low by the United States 
Geological Survey (Fuhrer et al. 1999). Background total nitrogen concentration in 
streams in the United States is 1.0 mg/L, nitrate is 0.6 mg/L (2.0 mg/L in ground water), 
ammonia is 0.1 mg/L, and total phosphorus is 0.1 mg/L. The background concentration 
of orthophosphorus in shallow ground water is approximately 0.02 mg/L (Fuhrer et al. 
1999). However, these levels can vary greatly. For example, median total nitrogen and 
median total phosphorus concentrations ranging from less than 0.6 to above 2.9 mg/L 
and less than 0.045 to above 0.25 mg/L, respectively, have been reported in streams 
that are surrounded by areas of agricultural use (Furher et al. 1999). These increased 
nutrient concentrations may stress amphibians, making them more susceptible to 
disease. It is reasonable to assume that other stressors, such as water pH, oxygen 
concentration, and crowding of animals, may act to suppress the immune system and 
thereby increase susceptibility to infectious disease.
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Reservoirs and Transmission
 Amphibians in either the larval or adult form are one of the primary reservoirs of 
ranaviruses (Gray et al. 2009). Brunner et al. (2004) have shown that adult tiger 
salamanders, Ambystoma tigrinum, with sublethal ATV infections transmit the virus to 
larvae, in which the virus is amplified and the vast majority of die-offs occur. Sub-lethally 
infected tadpoles that reach metamorphosis thus act to maintain the virus between die-
offs, and will likely transmit the virus to a new batch of tadpoles during the next breeding 
season (Brunner et al. 2004). In addition to larvae and metamorphs acting as 
intraspecific reservoirs, interspecific reservoirs also exist (Cunningham et al. 2007, 
Jancovich et al. 2001, Schock et al. 2008). Ranavirus isolates from the common toad 
(Bufo bufo) resulted in symptomatic infection in common frogs (Rana temporaria) 
following intraperitoneal or subcutaneous inoculation (Cunningham et al. 2007). Adult 
northern leopard frogs (Rana pipiens), wood frogs (R. sylvatica), Pacific tree frogs (Hyla 
regilla), and tiger salamanders (Ambystoma tigrinum) have all experienced mortalities, 
though at different frequencies, and tested PCR positive for FV3 and ATV following 
inoculation with isolates obtained following epizootics (Schock et al. 2008).  Adult red 
spotted newts (Notophthalmus viridescens) and northwestern salamanders 
(Ambystoma gracile) exposed to water in which A. tigrinum died of ATV infection also 
acquired ATV and died (Jancovich et al. 2001). These data indicate that ranaviruses are 
multi-host pathogens that are capable of infecting a wide range of amphibian species. 
 Transmission of ranaviral infections has been shown in a laboratory setting to 
occur indirectly via water and sediments, and directly via close contact of infected 
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amphibians with uninfected amphibians and cannibalism (Jancovich et al. 1997 and 
2001, Harp and Petranka 2006, Brunner et al. 2004 and 2007, Pearman et al. 2004, 
Duffus et al. 2008, Rojas et al. 2005). Adult tiger salamanders and larvae exposed to 
water in which adult and larval tigers salamanders infected with ATV had previously 
been housed also became infected (Jancovich et al. 1997 and 2001, Brunner et al. 
2007).  Water treated with ATV virons is also capable of transmitting infection to 
salamanders (Brunner et al. 2004, Jancovich et al. 1997, Rojas et al. 2005). However, 
Jancovich et al. (1997) found that the water in which an ATV infected salamanders had 
died was not able to transmit infection to salamanders if it had been left standing for 2 
weeks, suggesting that virons of ATV can not persist in water for more than 2 weeks 
(Gray et al. 2009).  Similar water transmission results have been observed for wood frog 
(Rana sylvatica) and Italian agile frog (Rana latastei) tadpoles exposed to different 
concentrations of FV3 in holding water (Duffus et al. 2008 and Pearman et al. 2004). 
Exposure to pond sediment collected during a ranavirus outbreak or sterile sediments 
treated with ATV virons has been shown to result in death, as well as sublethal 
infections, in wood frog and tiger salamander larvae (Harp and Petranka 2006, Brunner 
et al. 2007). 
 Wood frog and Italian agile frog tadpoles feeding on carcasses of individuals that 
died from ranavirus infection also succumbed to ranavirus infection in both controlled 
laboratory and mesocosm experiments (Harp and Petranka 2006 and Pearman et al. 
2004). Similar findings were observed in tiger salamanders that fed on ATV infected 
tissues (Jancovich et al. 1997, Brunner et al. 2007).  Water bath infected adult and 
larval tiger salamanders housed with uninfected adult and larval salamanders are 
8
capable of transmitting ATV through close contact (Brunner et al. 2004 and 2007).  
Similar results were observed for wood frog tadpoles in mesocosm experiments (Harp 
and Petranka 2006). Brunner et al. (2007) have shown that transmission of ATV from 
close contact of infected larval salamanders to uninfected larval salamanders increases 
with time from initial exposure. 
 Data suggesting the possibility of vertical transmission exists, but further work 
needs to be done to determine whether this is a probable means of transmission. An 
embryo from a clutch of eggs with an FV3 negative female and an FV3 positive male 
deposited in the laboratory tested FV3 positive via PCR, as well as clutches collected 
from the wild (Duffus et al. 2008). Greer et al. (2005) reported that wood frog tadpoles 
collected as eggs from the wild and raised in the lab tested positive for ranavirus 
infection.  However, it is unknown whether or not these were infected by virus particles 
that were shed in the water and incorporated into the jelly matrix, or transmission 
directly from parent to offspring (Duffus et al. 2008, Gray et al. 2009).
Spread of Pathogens and Disease
 Human activity has been implicated in the spread of amphibian pathogens 
globally. The spread of ATV  has been linked to the tiger salamander bait trade and 
sport fish stocking in the southern, mid-western, and western United States. (Jancovich 
et al. 2005, Picco and Collins 2008). Tiger salamander larvae are commonly used as 
bait for fishing throughout the United States, and the trade of these organisms is largely 
unregulated (Picco and Collins 2008). Picco and Collins (2008) conducted surveys in 
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which they asked fishers multiple questions regarding the use of tiger salamanders as 
bait, and bait shops where their bait came from and whether they released animals into 
the wild that were once kept in the shop. They also tested tiger salamander larvae 
purchased from bait shops in Arizona, New Mexico, Colorado, Texas, and Nebraska for 
ranavirus across multiple years and compared the strains to one another by sequencing 
and alignment (Picco and Collins 2008).  Multiple fishers stated that they released tiger 
salamander bait into the waterbodies where they fished and noticed tiger salamanders 
in these same waterbodies; Many bait shops stated that they sold animals from other 
states, that all the animals were caught from the wild, and that some animals were 
released into the wild after being held in shops (Picco and Collins 2008). Two ranavirus 
strains were found in the bait trade in Arizona, Colorado, and New Mexico. Strains of 
ranavirus from Colorado were found in Arizona, and all the animals that were released 
from bait shops into the wild were from a shop whose bait tested positive for ranavirus 
during sampling dates (Picco and Collins 2008). Similarly, strains of ATV from bait shop 
salamanders in Arizona were found to be highly similar to strains from Indiana, and both 
were  similar to a strain found in Colorado, suggesting that the bait trade may have 
been involved in the spread of the virus (Jancovich et al. 2005).
 One study of salamander ranavirus isolate phylogeography revealed little 
variation amongst major capsid protein (MCP) sequences and intergenic spacer 
sequences, which resulted in these sequences being grouped into one monophyletic 
clade. This suggests that a single introduction and recent spread of salamander 
ranaviruses is likely (Jancovich et al. 2005). Jancovich et al. (2008) reported a stronger 
alignment of MCP sequences from salamander to sport fish ranavirus isolates than to 
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MCP sequences from other amphibian ranaviruses, suggesting the possibility that ATV 
may have originated from a fish ranavirus.
 Bait trade and fish stocking thus provide unique opportunities for organisms to 
move over large distances (Green and Dodd 2007, Jancovich et al. 2005, Picco and 
Collins 2008).  Amphibian larvae and adults are commonly found in hatcheries and have 
the potential to be transported to new locations when fish are moved. Therefore, 
infected individuals could be potentially moved to new locations when fish are stocked 
in rivers, streams, lakes, ponds, or other hatcheries. Ranavirus was recently detected 
via polymerase chain reaction (PCR) from dead juvenile bullfrog and southern leopard 
frogs (R. sphenocephalus) at Harrison Lake National Fish Hatchery (Duncan-Pullen 
2008). Several dead tadpoles were also observed. Based on these findings, it was 
hypothesized that ranavirus would be found in amphibian larvae and adults living in 
Virginia fish hatchery ponds.
Objectives
 To date, only one study, focused in the south eastern United States, has 
examined fish hatcheries for amphibian diseases, including Bd and ranavirus (Green 
and Dodd 2007). While this study found no evidence of ranavirus, this does not mean 
that the virus was not present and does not exclude the possibility that it could be found 
in the future (Green and Dodd 2007, Hanley and Lippman-Hand 1983). Ranavirus was 
recently detected via PCR from Harrison Lake National Fish Hatchery hatchery ponds, 
along with dead tadpoles (Duncan-Pullen 2008). 
11
 The first objective of this study was to determine ranavirus prevalence in warm 
water fish hatcheries throughout Virginia. Because these hatcheries distribute fish 
throughout the state of Virginia and the United States, there is a possibility that 
ranavirus is inadvertently being spread in the environment. The second objective of this 
study was to determine if there was any correlation between environmental variables 
and the detected presence or absence of ranavirus. 
 Nitrogen inputs appear to affect the susceptibility of amphibians to infectious 
diseases. Forson and Storfer (2006) reported that nitrogenous fertilizer significantly 
lowered leukocyte counts in tiger salamanders. Jancovich et al. (1997) first identified 
ATV in tiger salamanders inhabiting ponds utilized by cattle, which likely received 
nitrogen inputs from feces. Gray et al. (2007) found that the prevalence of FV3 was 
greater in green frog tadpoles living in wetlands that were exposed to cattle than in 
wetlands that were not exposed to cattle. In addition to increased nitrogen inputs, 
elevated phosphorus levels have been shown to negatively impact organisms living in 
aquatic systems (Dodds 2002). For example, increased nitrogen and phosphorus inputs  
increased infection of amphibians with the parasite Ribeiroia ondatrae (Johnson et al. 
2007).  Cooler temperatures have been shown to reduce immune system function of 
amphibians, making them more susceptible to disease (Green and Cohen 1977 and 
Maniero and Carey 1997). Laboratory experiments have indicated that warmer water 
temperatures may enable tiger salamanders to withstand ATV infection due to 
enhanced immune function (Rojas et al. 2005).  Alternatively, ranaviruses may be less 
virulent at warmer temperatures, since laboratory studies have reported lower virus 
titers in infected individuals kept in warmer water (26°C) than in colder water (10°C and 
12
18°C) (Rojas et al. 2005). Therefore, it was hypothesized that nitrogen levels, 
phosphorus levels, and water temperature could be used to predict the presence of 
ranavirus in a pond. Other studies have suggested that pH is a physical stressor that 
may be associated with amphibian ranavirus, but these have failed to find a significant 
relationship between pH and disease occurrence (i.e. Gahl and Calhoun 2010). 
Therefore, pH was also examined to determine if a relationship between ranavirus and 
pH exists.  Finally, the length of time a pond was filled with water prior to sampling was 
also considered since this variable was easy to measure. Determination of predictive 
variables for ranavirus could help hatchery managers to minimize the risk of ranavirus 
becoming established in amphibian populations that inhabit hatcheries.
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Chapter 2
Methods
Study Sites
Harrison Lake National Fish Hatchery 
(N37°20'08.69'' W77°11'23.51'', elevation = 36 ft)
 Harrison Lake National Fish Hatchery is a national fish hatchery located in 
Charles City County, VA that is mostly surrounded by forested lands (Table A-1). This 
hatchery consists of 21 ponds which are filled with water from Harrison Lake, located 
approximately 0.75 km to the north of the hatchery. The depths of these ponds range 
from 2.4 feet to 5.6 feet. Currently, only five ponds are stocked with fish; two contain 
catfish from the James River, one contains hickory shad (Alosa mediocris) from Herring 
Creek, and two ponds are stocked with small fry striped bass (Morone saxatilis) from Vic 
Thomas Fish Hatchery. Composted black cow manure (250 lbs and 200 lbs for the 
larger and smaller striped bass ponds, respectively) and cottonseed meal (800 lbs and 
700 lbs, respectively) are added to the ponds containing striped bass. The majority of 
the unstocked ponds are kept filled with water to help suppress growth of vegetation. 
While these ponds are not stocked, they may contain fish from the hatchery’s water 
supply source (mosquito fish (Gambusia affinis), blue spotted sunfish (Notemigonus 
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crysoleucas), blue gill (Lepomis macrochirus), black crappie (Pomoxis nigromaculatus), 
chain pickerel (Esox niger), and golden shiner (Notemigonus crysoleucas)).  Pond 
drainage water from this hatchery is released into Herring Creek. 
Front Royal Fish Hatchery (Virginia Department of Game and Inland Fisheries, VA 
DGIF)
(N38°57'0.155'' W78°17'32.59'', elevation= 588 ft)
 Front Royal Fish Hatchery, located in Warren County, VA , consists of 22 ponds. 
Information regarding the water source of these ponds is not available. Ten of these 
ponds are five feet deep and are drained once per year. The remaining 12 ponds are 
three feet deep. Of these 12 ponds, two are drained annually and the remaining ten are 
not drained. These ponds are stocked with fish coming from VA DGIF hatcheries, as 
well as grass carp (Ctenopharyngodon idella) and channel catfish (Ictalurus punctatus) 
from Arkansas. These ponds are supplemented with soybean meal (100 lbs and 50 lbs 
for the large and small ponds, respectively) and 18/34/0 fertilizer (brand unknown, 16 
lbs and 8 lbs for the large and small ponds, respectively) weekly. Pond drainage water 
from this hatchery is released into Passage Creek. The majority of the surrounding 
landscape is open water, pasture/hay, and deciduous forest (Table A-1 ). 
Vic Thomas Fish Hatchery (VA DGIF)
(N37°01'51.84''  W78°55'31.28'', elevation= 426 ft)
 Vic Thomas Fish Hatchery is comprised of six ponds and is located in Campbell 
County, VA. These ponds, which have an average depth of 4.25 feet, are filled with 
water from the Staunton River and are drained either once or twice per year. Their 
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striped bass (Morone saxatilis) ponds contain spawning run fish from the Kerr 
Reservoir. In addition, they rear walleye (Sander vitreus) from eggs that are taken from 
the South Holston Reservoir. Liquid 11/37/0 fertilizer (brand unknown) and alfalfa pellets 
are added to the ponds as needed. Pond drainage water from this hatchery is released 
back into the Staunton River. This hatchery is mainly surrounded by land used for 
pasture/hay and evergreen forest (Table A-1). 
King and Queen Fish Hatchery (VA DGIF)
(N37°44'31.051'  W76°56'29.66'', elevation= 56 ft)
 King and Queen Fish Hatchery, located in King and Queen County, VA, is made 
up of 18 ponds with depths ranging from approximately 4.5 feet to 7.5 feet. These 
ponds are drained once per year. Fish raised and their sources vary from year to year. 
In the past, fathead minnows (Pimephales promelas) have been stocked from Harrison 
Lake National Fish Hatchery and channel catfish have been stocked from the Great 
Lakes. Currently, however, this hatchery raises marine striped bass  from the Mattaponi 
watershed, striped bass (Roanoke strain) from Vic Thomas Fish Hatchery, and large 
mouth bass (Micropterus salmoides), redear (Lepomis microlophus), and bluegill from 
the Chickahominy River. Alfalfa pellets, soybean meal, and 46/0/0 fertilizer (brand 
unknown) are added as needed. Unlike the other hatcheries in this study, ponds 2-14 
are lined with plastic liners that prevent plant growth. The remaining pond (pond 1) is 
unlined and vegetation grows abundantly. Pond drainage water from this hatchery is 
released into a stream that drains into the Mattaponi River. Approximately 25% of the 
land surrounding the hatchery is used for the cultivation of crops, approximately 25% of 
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the land is considered barren, and almost 30% of the land is classified as pasture/hay 
and emergent herbaceous wetlands (Table A-1). 
 Fish from the VA DGIF hatcheries are sent to water bodies throughout the state 
of Virginia, as well as other VA DGIF hatcheries. A list of where fish were sent in 2008 
can be obtained from DGIF.gov.  All four of the hatcheries included in the study are 
relatively isolated (personal observation), and little of the surrounding lands are 
considered developed (Table A-1).
Pond selection
 Arial photographs of each hatchery were downloaded using Google Maps, and 
each pond was assigned a number. Using Microsoft Excel, a set of random numbers 
corresponding to the ponds was generated for each hatchery. In some instances, the 
pond draining schedule for the hatcheries dictated which ponds were sampled; if the 
randomly selected pond was not filled with water, a filled pond was sampled instead. 
When possible, sampling was conducted on days that the ponds were being drained. 
This allowed for a more complete sampling of the pond, since tadpoles living in all areas 
of the pond were brought together near the pond drain when the water was pulled 
down.
 The following ponds were sampled: Harrison Lake: ponds 2, 3, 12, and 13; King 
and Queen: ponds 1, 6, 14; Front Royal: Pond C; Vic Thomas: pond 1. Tadpoles from 
only one pond (pond 1) were sampled at Vic Thomas since the other ponds had been 
drained before the time of sampling. Pond 1 was drained the morning of sampling, and 
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the fish and tadpoles had been transferred to a holding tank, from which the tadpoles 
were collected. In addition to these randomly selected ponds, ponds 6 and 7 at Harrison 
Lake were sampled because ranavirus was previously found in these ponds. Also, 
tadpoles from two ponds that were collected by workers at Front Royal Fish Hatchery 
and stored in a bucket were sampled.
Environmental variable testing
 To test for pond nutrient concentrations (total nitrogen, total phosphorus, nitrate, 
ammonia, and orthophosphorus), water samples were collected from each selected 
pond in plastic sampling cups and were stored at -20°C until analyzed. The samples 
were analyzed using a SKALAR San-Plus system and FLOWACCESS software 
package version 1.04.7 by William Lee in the Virginia Commonwealth University 
Environmental Analysis Laboratory. Total nitrogen, nitrate, ammonia, orthophosphorus, 
and total phosphorus were measured using the DeLeia, SM 4500-NO3F,  EPA 350.1, 
SM 4500-PE, and EPA 365.3 methods, respectively. Temperature and pH for each pond 
were determined using an Oakton waterproof pHTestr 30 pH and temperature meter. 
This unit included an automatic temperature compensation feature to correct for errors 
in pH measurement due to electrode sensitivity related to changes in water 
temperature.
 The date that each sampled pond was filled with water was obtained from 
hatchery managers to determine the length of time each pond was filled with water prior 
to sampling (“pond duration”).
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Tadpole collection
 Tadpoles were collected from May to July 2009 using D-frame dip nets. Pond 
transects were conducted following the perimeter of each randomly selected pond. Half 
meter sweeps with the dip net were made approximately every two meters along the 
transect. Captured tadpoles were briefly examined to determine a tentative 
identification.  Target species were green frog, bullfrog, and leopard frog tadpoles, 
though other species were collected if none of the target species were found. Captured 
tadpoles were kept in sample cups containing pond water.  All field equipment was 
sterilized between sites using bleach to prevent any contamination by pathogens. 
Sampling effort per site was calculated as number of people collecting tadpoles times 
the number of hours spent collecting.
Laboratory Analyses
 Tadpoles were euthanized using MS-222 (25 mg/L) and were identified at the 
species level by their mouth parts and tail pattern under the microscope. Individuals 
were stored in 70% ethanol until the livers could be removed via dissection. DNA was 
extracted from liver tissue using the QIAGEN DNeasy blood and tissue kit. To test for 
ranavirus, a PCR reaction containing 2.5µL of 10X HotMaster Taq buffer, 2.5µL of 2.5 
mM dNTP, 1.25µL of 2.5 mM of IE forward primer, 1.25µL of 2.5 mM IE reverse primer 
(Galli et al. 2006), 0.5µL HotMaster Taq DNA polymerase, 16µL water, and 1µL template 
DNA was set up. A 1:10 dilution of FV3 was used for a positive control and water (no 
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DNA) was used for a negative control. The reactions ran in the thermocycler for 1 
minute at 90°C, followed by 30 cycles of 30 seconds at 94°C, 40 seconds at 45°C, and 
40 seconds at 72°C, which was followed by 5 minutes at 72°C. The reactions were then 
held at 4°C. Samples that appeared to be positive after electrophoresis but contained 
multiple bands were rerun using the same PCR parameters, except the primer 
annealing temperature was increased from 45°C to 47°C.  The PCR products, the 
negative control, the FV3 positive control, and a 100 base pair ladder were run for 30 
minutes on a 1.2% agarose gel containing ethidium bromide. The gels were visualized 
under ultraviolet light.
 Individuals that had evidence of lesions or abrasions were photographed and 
samples from the affected tissue were preserved in formalin. The preserved tissue 
samples were sent to the Anatomic Pathology Laboratory in the Medical College of 
Virginia Department of Pathology to be turned into slides and stained. Swabs of the 
lesions were taken and plated on blood agar. The bacterial colonies were sent to Dr. 
Betty Forbes in the Medical College of Virginia Department of Pathology’s Clinical 
Microbiology Laboratory for identification.
Statistical Analysis
 Box plots were used to compare the environmental variable data collected from 
ponds that tested positive for ranavirus to ponds that tested negative for ranavirus. A 
Shapiro-Wilk test was used to determine if the data were normally distributed, and a 
Levene test was used to determine if the variances of each variable were significantly 
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different between ponds that were infected (ranavirus present) and ponds that were 
uninfected (ranavirus absent). ANOVA  was used to compare the mean values for the 
normally distributed variables between infected ponds and uninfected ponds at a 95% 
significance level. A Kruskall-Wallace test was used to compare the median values of 
non-normally distributed environmental variables between infected ponds and 
uninfected ponds, also at a 95% significance level. Logistic regressions with 
quasibinomial errors were performed to determine if there was a relationship between 
the environmental variables measured for each pond and the proportion of ranavirus 
infected tadpoles from each pond at a 95% significance level. 
 All analyses were conducted using the statistics program R (version 2.8.1). The 
water from the bucket in which tadpoles from two drained ponds from Front Royal Fish 
Hatchery were stored and Vic Thomas Fish Hatchery pond 1 were not included in the 
analyses due to missing nutrient data and temperature and pH data, respectively. 
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Chapter 3
Results
Sampling overview
 A total of 608 bullfrog, leopard frog, green frog, and Hyla (tree frog) tadpoles 
were captured from the four hatcheries (Table 1A). The tree frog tadpoles were not 
identified at the species level due to their small size. Of the 608 captured tadpoles, 531 
were tested for ranavirus; 25 tadpoles from Front Royal pond C, 12 tadpoles from the 
two Front Royal Fish Hatchery ponds that were collected by hatchery workers and were 
stored in a bucket, and 38 tadpoles from King and Queen pond 6 were excluded due to 
their small size. Liver samples from two tadpoles from Vic Thomas were lost and so 
testing could not be completed (Table 1B).
 Of the 11 ponds and the mixture of tadpoles from two Front Royal Fish Hatchery 
ponds that were stored in a bucket, ten ponds were included in the statistical analyses; 
the tadpoles from the two Front Royal Fish Hatchery ponds that were stored in a bucket 
and Vic Thomas pond 1 were not included due to missing nutrient data (Front Royal 
Fish Hatchery) and missing temperature and pH data (Vic Thomas pond 1). Harrison 
Lake ponds 3 and 13 were sampled on two separate occasions since few tadpoles were 
captured from each the first time they were sampled. The data for the two sampling 
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dates for each pond were pooled to obtain a total number of tadpoles captured per pond 
and average environmental data values. King and Queen ponds 6 and 14 were being 
drained on the day of sampling.
Environmental variable analyses
 A range of values for environmental data was found for the 10 ponds included in 
the statistical analyses (Table 2, Figure 1). The pH, temperature, pond duration, and 
total phosphorus data were normally distributed and the variances were equal. ANOVA 
indicated that the mean values of these variables were not significantly different 
between infected and uninfected ponds (pH: F= 2.1485, df=1, p= 0.9256; temperature: 
F= 0.4970, df=1, p= 0.3977; pond duration: F= 0.1287, df=1, p= 0.7291; total 
phosphorus: F= 0.7862, df=1, p= 0.4011) (Figure 1). Total nitrogen data were not 
normally distributed (Levene p= 0.0002). The variances were equal and the median 
values of these data were not significantly different between infected and uninfected 
ponds (Chi square= 0.4091, df=1, p= 0.5224) (Figure 1). Nitrate (NOX-N), ammonia 
(NH3-N), and orthophosphorus (PO4-P) were not analyzed since these three nutrient 
measures were part of the total nitrogen and total phosphorus values. 
Ranavirus testing and analysis
 Tadpoles from all water sources included in the study that were large enough for 
dissection (≥3.5 cm) were tested for ranavirus (Table 1B). Few tadpoles from Front 
23
Royal were larger than 3.5 cm, so tadpoles that were larger than 3.0 cm were included 
in the analysis. Once again, Vic Thomas pond 1 and Front Royal tadpoles stored in a 
bucket were excluded from the statistical analyses since environmental data were 
missing for these waterbodies. 
  Ranavirus was detected in 4 ponds:  Harrison Lake pond 3 (20%), Harrison Lake 
pond 7 (38.46%), Front Royal pond C (5.56%), and King and Queen pond 14 (2.27%). 
Overall, 21 out of the 531 (3.95%) tadpoles tested for ranavirus were positive for the 
virus: 15 of the bullfrog tadpoles (19.48%), four of the green frog tadpoles (1.45%), and 
two of the leopard frog tadpoles (1.12%) (Figure 2, Table 3). A multiple regression 
analysis was not used to evaluate the relationship between all five environmental 
variables and the proportion of tadpoles that tested positive for ranavirus due to the 
small sample size (n=10).  Instead, multiple single regressions were run to look at the 
relationship between each variable and the proportion of individuals that tested 
ranavirus positive. Logistic regression analysis indicated that there appeared to be a 
significant relationship between temperature of the pond and the proportion of 
individuals that tested positive (Chi square= 10.17, df=1, p= 0.0014) and pond duration 
and the proportion of individuals that tested positive (Chi square= 4.7055, df= 1, p= 
0.0301)(Figure 3). These significant relationships, however, appear to be driven by 2 
points (Figure 3), corresponding to Harrison Lake National Fish Hatchery ponds 3 and 7 
(Table 2). There was no significant relationship between the pH of the pond and the 
proportion of individuals that tested positive for ranavirus (Chi square= 3.3226, df=1, p= 
0.0683), total nitrogen and the proportion of individuals that tested positive for ranavirus 
(chi square= 0.38612, df=1, p= 0.5343), or total phosphorus and the proportion of 
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individuals that tested positive for ranavirus (chi square= 0.9714, df=1, p=0.3243) 
(Figure 3). None of the tadpoles that tested positive for ranavirus had any visible 
symptoms of the virus.
 Ranavirus was not detected in any of the tadpoles from Vic Thomas pond 1, the 
Front Royal bucket of tadpoles, Harrison Lake ponds 2, 6, 12, 13, or King and Queen 
ponds 1 and 6.
Other infections or health conditions
 Grey skin discoloration was observed on a green frog tadpole from Harrison Lake 
pond 2. A skin sample was preserved in formalin, turned into a slide, and stained with H 
and E. Microscopic examination revealed that bacterial cells were present in the tissue, 
but no bacterial identification was made since swabs were not taken. An adult leopard 
frog was found dead in Harrison Lake pond 7. Mites were observed on the hind limbs of 
this individual, and cause of death could not be determined.  An adult green frog was 
captured along the banks of Herring Creek at Harrison Lake National Fish Hatchery. 
This individual was missing one hind leg, and mites were observed on the other hind leg 
(Figure 4). Since this frog appeared healthy otherwise, it was returned to the wild.
 Two green frog tadpoles from Vic Thomas pond 1 had raw, red ulcerations at the 
base of the tail (Figure 5). A swab was taken from one of the tadpoles and was streaked 
on blood agar. After 48 hours, growth was observed on the plate. Three strains of 
bacteria were identified: a mucoid E. coli, a flat E. coli, and Pseudomonas putida.  
Another green frog tadpole had a red eye socket, and closer examination revealed that 
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the individual was missing both the iris and the pupil. Grey skin discoloration was 
observed on a fourth green frog tadpole. A skin sample was preserved in formalin, and 
bacteria were observed on the resulting slide. However, a bacterial identification was 
not made since swabs were not taken.
Table 1A: Species of tadpoles found and the total number of tadpoles found at each hatchery.
Species Found Front Royal
Harrison 
Lake
King and 
Queen Vic Thomas Total
Bull Frog 0 35 42 0 77
Leopard Frog 5 18 94 61 178
Green Frog 119 139 53 0 311
Tree Frog 0 42 0 0 42
total 124 234 189 61 608
Table 1B: Species of tadpoles tested for ranavirus and the total number of tadpoles tested at each 
hatchery
Species Tested Front Royal
Harrison 
Lake
King and 
Queen Vic Thomas Total
Bull Frog 0 35 42 0 77
Leopard Frog 3 18 56 59 136
Green Frog 84 139 53 0 276
Tree Frog 0 42 0 0 42
total 87 234 151 59 531
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Table 2: Environmental data (2009) for each of the ponds at each of the hatcheries (Bucket= the mixture 
of tadpoles from two hatchery ponds that were stored in a bucket of water, TN= total nitrogen, TP= total 
phosphorus, NOX-N= nitrate, NH3-N= ammonia, PO4-P= orthophosphorus).
Date Pond pH Temp 
(°C)
Effort1 TN
(mg/L)
TP
mg/L)
NOX-N
(mg/L)
NH3-N
(mg/L)
PO4-P
(mg/L)
Pond 
Duration
Front 
Royal
5/19 C 8.06 24.2 4.0 0.228 0.264 0.002 0.014 0.052 45
5/19 Bucket N/A N/A 1.0 N/A N/A N/A N/A N/A N/A
Harrison 
Lake
6/3 2 7.55 27.6 3.0 0.860 0.284 0.074 0.039 0.019 49
6/15 12 6.53 25.1 3.0 0.959 0.280 0.003 0.053 0.021 99
6/23 3 7.48 29.1 1.5 0.872 0.354 0.000 0.033 0.021 61
7/11 3 8.89 32.7 1.0 0.806 0.300 0.000 0.030 0.008 79
Avg. 3 8.19 30.9 1.25 0.839 0.327 0.000 0.032 0.015 70
7/9 13 9.18 25.8 2.0 0.905 0.219 0.000 0.016 0.005 107
7/11 13 9.56 30.2 1.0 0.925 0.016 0.000 0.011 0.015 109
Avg. 13 9.37 28.0 1.5 0.915 0.117 0.000 0.014 0.010 108
7/27 6 7.74 31.6 1.0 0.632 0.216 0.000 0.007 0.000 35
7/27 7 9.78 34.2 1.0 0.869 0.000 0.003 0.007 0.000 141
King & 
Queen
5/21 6 8.65 18.8 2.0 2.544 0.396 0.013 0.678 0.037 32
6/17 14 9.37 22.8 1.0 6.881 0.856 0.000 1.407 0.442 39
6/17 1 7.97 24.0 2.0 1.921 0.050 0.022 0.500 0.030 64
Vic 
Thomas
6/16 1 N/A N/A 2.5 0.530 0.144 0.008 0.057 0.027 78
1Hours sampling x number of people sampling
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A)        B)
C)     D)
E)
Figure 1: Box plots of the variables pH (A), temperature (B), pond duration (C), total nitrogen (D), and 
total phosphorus (E) for infected ponds (YES) vs. uninfected ponds (NO). The pH, temperature, pond 
duration, and total phosphorus data are normally distributed (p>0.05), whereas the total nitrogen data are 
not normally distributed (p= 0.0002)
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Table 3: Waterbodies sampled for tadpoles at the four hatcheries, the number of tadpoles collected in 
each waterbody (total and by species), and the number of those tadpoles that tested positive for ranavirus 
(total and by species). 
Date Pond # tadpoles found 
(BF/GF/LF/)1 
(Other if 
applicable)
Positive for 
Ranavirus (BF/
GF/LF)1 of 
number tested
Front Royal 5/19 C 79 (0/79/0) 3 (0/3/0/) of 54A
5/19 Bucket 45 (0/40/5) 0 of 33A
Harrison Lake 6/3 2 55 (0/55/0) 0 of 55
6/15 12 62 (0/58/4) 0 of 62
6/23 3 11 (9/2/0) 0 of 11
7/11 3 24 (16/8/0) 7 (7/0/0) of 24
Avg. 3 Total =35 
(25/10/0)
Total= 7 (7/0/0) 
of 35
7/9 13 7 (0/7/0) 0 of 7
7/11 13 7 (0/2/5) 0 of 7
Avg. 13 Total= 14 (0/9/5) Total= 0 of 14
7/27 6 42 (Tree Frog) 0 of 42
7/27 7 26 (10/7/9) 10 (5/3/2) of 26
King & Queen 5/21 6 94 (0/0/94) 0 of 56B
6/17 14 44 (0/44/0) 1 (0/1/0) of 44
6/17 1 51 (42/9/0) 0 of 51
Vic Thomas 6/16 1 61 (0/0/61) 0 of 59C
TOTAL 608 (77/311/178) 
(42 tree frog)
21 of 531
1Bull Frog/Green Frog/Leopard Frog
A) Only extracted from tadpoles larger than 3.0 cm
B) Only extracted from tadpoles larger than 3.5 cm
C) Fewer tadpoles were tested for ranavirus than were found because 
extraction was not possible for all tadpoles due to lost samples
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A)     B)
            
C)            
D)
Lane 1 2 3 4 5 6 7 8 9 10 11 12
Gel
A DNA 
ladder
FV3+ 
Ctrl. 
Neg. 
Ctrl.
5/19 FR 
C  # 52
5/19 FR 
C    #58
6/17 
KQ 1 
#11
6/17 
KQ 1 
#32
6/17 
KQ 1 
#33
6/17 
KQ 14 
#21
6/17 
KQ 14 
#22
6/17 
KQ 14 
#23
6/17 
KQ 14 
#44
B DNA 
ladder
FV3+ 
Ctrl. 
Neg. 
Ctrl.
7/27 HL 
7 #1
7/27 HL 
7 #3
7/27 HL 
7 #7
7/27 HL 
7 #8
7/27 HL 
7 #10
7/27 HL 
7 #11
7/27 HL 
7 #14
7/27 HL 
7 #20
7/27 HL 
7 #21
C DNA 
ladder
FV3+ 
Ctrl. 
Neg. 
Ctrl.
7/27 HL 
7 #24
7/11 HL 
3 #8
7/11 HL 
3 #9
7/11 HL 
3 #10
7/11 HL 
3 #11
7/11 HL 
3 #12
7/11 HL 
3 #16
7/11 HL 
3 #17
5/19 FR 
C #49
Figure 2: Gel electrophoresis results for ranavirus PCR (A-C). Panel D states which lane contains which 
sample for the 3 gels. FV3+ Ctrl.= FV3 positive control (Lane 2 in each of the gels), Neg. Ctrl= FV3 
negative control (Lane 3 in each of the gels), HL= Harrison Lake, FR= Front Royal, KQ= King and Queen. 
Samples were considered ranavirus positive if a 470 base pair band, which corresponds to the FV3 
immediate early protein, was present. 
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A)     B)
C)     D)
E)
Figure 3:  The relationship between temperature (A), pond duration (B), pH (C), total nitrogen (D), total 
phosphorus (E) and the proportion of individuals that tested for ranavirus for the 10 ponds that were 
included in the data analyses. The relationships in A and B are significant (A: p=0.0014,  B:p=0.0301). 
The relationships in C-E are not significant (p>0.05). 
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Figure 4: Green frog found 7/11/09 along the banks of Herring Creek at Harrison Lake National Fish 
Hatchery. In addition to missing the right hind limb, this individual had at least 4 mites on its left hind leg. 
This individual was released back into the wild and was not tested for ranavirus.
A)     B)
 
Figure 5: Green frog tadpoles from Vic Thomas hatchery pond 1 with red patches of skin on their tails. 
The tail of the tadpole in picture B was swabbed and a slide was made of a skin sample. This individual 
was infected with 3 strains of bacteria.
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Chapter 4
Discussion
 The predominant finding of this study was that ranavirus is present in Virginia 
warm water fish hatchery ponds (Table 3). Additionally, there was a significant 
relationship between pond water temperature and the proportion of tadpoles that tested 
positive for ranavirus, as well as pond duration (the length of time that a pond has been 
filled with water) and the proportion of tadpoles that tested positive for ranavirus. As 
pond water temperature and pond duration increased, the proportion of tadpoles that 
were infected with ranavirus also increased. 
Ranavirus in Fish Hatchery Ponds
 In this study, ranavirus was detected in 17 tadpoles from two ponds at Harrison 
Lake National Fish Hatchery, ponds 3 (seven bullfrog tadpoles) and 7 (five bullfrog, 
three green frog, and two leopard frog tadpoles), (Table 3).  Ranavirus was previously 
found by Karen Duncan-Pullen at Harrison Lake fish hatchery in four juvenile bullfrogs 
and two juvenile leopard frogs. Additionally, three tadpoles that were found dead tested 
positive for ranavirus (Duncan-Pullen 2008). Therefore, it was not surprising that 
ranavirus was found at Harrison Lake National Fish Hatchery in this study as well. 
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Interestingly, some of the infected individuals found by Duncan-Pullen were also 
collected from pond seven. The other ranavirus infected individuals found by Duncan-
Pullen were collected from pond six, which is approximately 340 meters from pond 
seven. In the current study, none of the individuals tested from pond six were positive 
for ranavirus, whereas 10 of the individuals from pond seven were positive. This 
suggests that the virus may somehow persist in pond seven, that sub-lethally infected 
individuals are returning to pond seven over multiple years, or that ranavirus was re-
introduced to pond seven by humans. Ranavirus may have also been present in pond 
six while this study was conducted, but was not detected. Ranavirus was found in seven 
tadpoles from Harrison Lake National Fish Hatchery pond 3. This is the first time that 
ranavirus has been reported in this pond at Harrison Lake National Fish Hatchery, 
though it is unknown if this pond was tested prior to this study.  Ranavirus was also 
found in one tadpole at King and Queen Fish Hatchery (pond 14, green frog), and three 
tadpoles from Front Royal Fish Hatchery (pond C, green frog). King and Queen Fish 
Hatchery reported that it has raised fathead minnows from Harrison Lake National Fish 
Hatchery and Roanoke striped bass from Vic Thomas Fish Hatchery in the past. This 
inter-hatchery exchange of fish may be contributing to the spread of the disease in the 
state of Virginia. Fish stocking has already been suggested as a mechanism for the 
spread of ranaviruses, so it is important to determine whether these hatcheries are 
amplifying the problem by sending fish and possibly infected tadpoles to other 
hatcheries that will raise the fish to larger sizes and release them into the wild (Green 
and Dodd 2007, Jancovich et al. 2005, Picco and Collins 2008). 
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 Although data regarding natural levels of ranavirus in field sites are limited, 
studies have suggested that the levels range from 0-57% (Gray et al. 2007 and Greer et 
al. 2009). The levels detected in this study (20% in Harrison Lake pond 3, 38.46% in 
Harrison Lake pond 7, 5.56% in Front Royal pond C, and 2.27% in King and Queen 
pond 14) are well within the range found in nature (Table 3). Most studies of ranavirus in 
the environment occur following outbreaks of disease, so natural levels of the virus are 
largely unknown (Greer et al. 2009). Future studies may want to focus on testing 
tadpoles for ranavirus in waterbodies that are not experiencing active outbreaks so that 
natural virus levels can be determined. 
  Except for samples 49 and 52 from Front Royal pond C collected on May 19th, 
2009, multiple bands were present in all samples that tested positive for ranavirus 
(Figure 3). These samples were still considered positive since a band was present 
around the 470 base pair region, which corresponds to the FV3 immediate early protein 
(Galli et al. 2006). The original primer annealing temperature utilized in this study (45°C) 
and the adjusted primer annealing temperature (47°C) were extremely low (annealing 
temperatures range from 45-60°C, depending on the primers utilized in PCR). Low 
primer annealing temperatures allow for less stringent binding specificity of the primers 
to complementary regions of DNA, which may result in the primers binding not only to 
the target sequence to be amplified, but other similar genomic sequences. This can 
result in the appearance of multiple bands, such as those seen in Figure 3. Increasing 
the primer annealing temperature increases binding specificity of the primer to the target 
region and reduces the likelihood that the primer will bind to regions of the DNA that are 
not entirely complementary. Therefore, future studies should focus on optimizing the 
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PCR parameters. Sequencing should also be considered to confirm that samples are 
positive. It is unlikely that the samples that tested positive are false positives. Tadpole 
euthanization and dissections, DNA extractions, and PCR to to test for ranavirus were 
conducted in three separate rooms to minimize contamination.
Ranavirus and Environmental Variables 
 Based on this study, water temperature and pond duration are environmental 
variables that influence the proportion of tadpoles that test positive for ranavirus. Single 
regression analyses indicated that as the water temperature of ponds increases, the 
proportion of individuals that test positive for ranavirus increases as well (Chi square= 
10.17, df=1, p=0.0014). The same trend was observed for pond duration (Chi square= 
4.7055, df= 1, p= 0.0301). However, these trends seemed to be driven by two data 
points, so the results should be interpreted with caution. More studies should be 
conducted to determine the relationship between these variables and the proportion of 
tadpoles that test positive for ranavirus.  Laboratory studies have suggested that ATV 
virons are less virulent at warmer water temperatures and are more virulent at cooler 
temperatures (Rojas et al. 2005). This suggests that more tadpoles may be found with 
ranavirus at warmer temperatures since they are able to withstand the infection due to 
its lower virulence. Cold temperatures have been shown to inhibit the immune system of 
amphibians, thus making them more susceptible to disease (Green and Cohen 1977 
and Maniero and Carey 1997, Gray et al. 2007). Therefore, it may be less likely to find 
tadpoles that test positive for ranavirus in cooler ponds since they may have already 
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succumbed to ranavirus infection due to an inhibited immune response. Dead animals 
are difficult to find in the wild since they are quickly consumed, and so ranavirus could 
potentially go undetected in ponds. Although the temperatures in these ponds were not 
at lethal levels for amphibians, it is important to consider the possibility that the 
combined effects of increased virulence of ranavirus and decreased 
immunocompetence of tadpoles at cooler temperatures may have resulted in increased 
mortality of tadpoles due to ranavirus.  Ranaviruses replicate at temperatures ranging 
from 12°C to 32°C, and protein synthesis can continue at temperatures up to 37°C 
(Chinchar 2001). Although many of the ponds tested in this study had temperatures 
above 32°C at the time of sampling (Table 2), the cooling of the ponds during the night 
may have allowed the virus to persist. 
 To date, studies that have examined associations between ranavirus incidence 
and pH have found no significant correlation between the two (Gahl and Calhoun 2010).  
Likewise, this study failed to find a significant relationship between pH and the 
proportion of tadpoles that tested positive for ranavirus.  However, a general trend was 
observed that the proportion of tadpoles that tested positive for ranavirus tended to 
increase as pH increased (Figure 3). This study found no significant relationship 
between the proportion of tadpoles that tested positive for ranavirus and total 
phosphorus and total nitrogen. The total nitrogen and total phosphorus concentrations 
that were detected in water samples in this study were within the median total nitrogen 
and total phosphorus ranges found in agricultural areas except for King and Queen 
ponds 6 and 14. Total nitrogen for ponds 6 and 14 was 2.544 and 6.881 mg/L, 
respectively. Total phosphorus for ponds 6 and 14 was 0.678 and 1.407 mg/L 
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respectively. These high nutrient values may be due to the fact that these ponds were 
being drained on the date that tadpoles and water samples were collected. The draining 
of the ponds may have resuspended any fertilizer, sediments, or other debris that had 
settled to the bottom of the ponds, thus increasing the nutrient concentration in the 
water column.
 Ponds that have been filled with water for a long period of time are more likely to 
contain larger, and therefore older, tadpoles than ponds that were recently filled with 
water, since these ponds were available to adult frogs for breeding earlier than the 
recently filled ponds. This study indicates that as pond duration increases, the 
proportion of tadpoles testing positive for ranavirus also increases. Immunocompetence 
of tadpoles increases with Gosner stage until metamorphosis, so older tadpoles are less  
likely to succumb to ranavirus infection (Gray et al. 2007, Tweedell and Granoff 1967). 
Therefore, it may be more likely to find tadpoles with a sublethal ranavirus infection in 
ponds that have been filled with water for long periods of time than in ponds that have 
not been filled for as long. 
 
Why did more ponds not test positive for ranavirus/ Why are previously 
ranavirus-positive ponds no longer positive?
 For the ponds that tested ranavirus negative in this study, it is not appropriate to 
conclude that they are ranavirus-free. The “Rule of Three” states that if no individual in a 
study group shows the “event” of concern (ranavirus), then the maximum chance of this 
event occurring is 3/n, where n is the number of individuals tested, at a confidence level 
of 95% (Hanley and Lippman-Hand 1983). Thus, it can only be concluded that a 
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particular event was not observed and that there is 95% confidence that the occurrence 
of that event does not exceed (3/n)%. In layman’s terms, just because something is not 
found, does not mean that it is not present.
 All of the hatcheries that were included in this investigation periodically drain their 
ponds. Many of these ponds may remain unfilled for several weeks or months, allowing 
the mud and sediments to completely dry. Experimental evidence has suggested that 
ATV cannot persist in dried mud and sediments (Brunner et al. 2007).  In a laboratory 
experiment, no larvae exposed to rehydrated sediment that had been treated with 2 x 
107 plaque forming units of ATV and allowed to dry completely over a period of 4 days 
died of or tested positive for ATV infection.  However, 86.7% of larvae exposed to ATV-
treated sediment that had been kept moist died of ATV infection (Brunner et al. 2007).  
The draining of water may explain why more ponds did not test positive for ranavirus. If 
these ponds were allowed to dry out for a long period of time, any ranavirus that had 
been present in the sediment would possibly no longer be infectious. 
 King and Queen pond 14 was filled with water, drained and then refilled with 
water 39 days prior to sampling. This was the only pond at the King and Queen 
hatchery that tested positive for ranavirus. It is possible that ranavirus was present in 
the pond prior to draining, and since the pond was almost immediately refilled with 
water the virus remained infective. If this is the case, it would confirm the laboratory 
results that ranavirus-containing sediments that are not allowed to dry completely can 
remain infective for a period of a few days (Brunner et al 2007). Alternatively the pond 
may have become inoculated with ranavirus after it was refilled. However, the majority 
of the ponds included in this study were empty for several weeks or months prior to 
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sampling. Any ranavirus that was present would have been rendered uninfective during 
this time. Once refilled, if no sub-lethally infected adults visit the pond or no re-
introduction of ranavirus by humans occurs, then tadpoles collected from that pond 
would likely test negative for ranavirus. 
  Although tadpoles are capable of eliciting both innate and adaptive immune 
responses, studies comparing the immune system of adult to larval anurans have found 
that tadpoles do lack immune system components that may be key to clearing ranavirus  
infections (Carey et al. 1999, Du Pasquier et al. 1989, Robert et al. 2005, Gantress et 
al. 2003). Significant IgY antibody responses, which tadpoles do not produce as readily 
as adults, to FV3 challenges in adult Xenopus suggest this antibody is essential to 
clearing infection (Gantress et al. 2003). Laboratory experiments have suggested that 
adult Xenopus with reduced MHC class I expression take longer to clear FV3 infection 
than those without reduced expression (Gantress et al. 2003). Furthermore, larval 
Xenopus have shown higher morbidity and mortality due to FV3 than adults in 
laboratory experiments (Gantress et al. 2003). Together, these findings suggest that 
MHC class I expression plays a critical role in clearing FV3 infection, and highlights the 
importance of the adaptive immune response (Gantress et al. 2003). Detection of 
ranavirus may be less likely to occur in tadpoles than in adults, since infected tadpoles 
may be more likely succumb to infection before they can be sampled. Therefore, few 
waterbodies may test ranavirus positive, even if the virus is actually present. 
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Implications for management
 Ranaviruses have been implicated in amphibian declines throughout the world  
(Bollinger et al. 1999, Green et al. 2002, Greer et al. 2005, Harp and Petranka 2006, 
Jancovich et al. 1997, Petranka et al. 2003, Jancovich et al. 2005, Gray et al. 2009). 
Therefore, it is of critical importance to minimize the spread of these viruses to 
amphibian populations.  Fish stocking programs provide an opportunity for ranaviruses 
to spread over large distances, so hatcheries need to be aware of procedures that could 
be taken to minimize the occurrence and spread of ranaviruses (Green and Dodd 2007, 
Jancovich et al. 2005, Picco and Collins 2008 ). While it does not appear that fish can 
transport amphibian ranaviruses, the possibility that a fish ranavirus can mutate to infect 
amphibians exists (Jancovich et al. 2008). However, it is much more likely that 
amphibian ranaviruses are spread when infected tadpoles or sediments are accidentally 
included in fish shipments. Therefore, current strategies to minimize the spread of 
amphibian ranavirus should focus on eliminating amphibian ranaviruses from sites and 
tadpole removal from fish shipments.
 Harrison Lake National Fish Hatchery indicated that their ponds are left filled with 
water, even if fish are not stocked, to suppress growth of vegetation. Filled ponds 
provide an environment for amphibians to inhabit year round, and may thus act to 
maintain ranaviruses at a particular site. Brunner et al.(2007) found that ranaviruses can 
not persist in dried pond sediment. Therefore, hatcheries should consider periodically 
draining ponds and allowing them to dry over a period of several weeks. Pond liners, 
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such as those utilized by King and Queen Fish Hatchery, could be installed to help 
suppress the growth of vegetation in drained hatchery ponds.
 In this study, temperature appeared to significantly influence the proportion of 
tadpoles that tested positive for ranavirus (Chi square= 10.17, df=1. p= 0.0014). 
Methods for reducing pond temperatures may be helpful in reducing the proportion of 
tadpoles that test positive for ranavirus.  Known environmental stressors can reduce the 
ability of amphibians to fight off infection (Robert et al. 2005, Carey et al. 1999, Green 
and Cohen 1977, Maniero and Carey 1997), so steps should be taken to reduce the 
effects of, or eliminate, stressors. 
 The hatcheries visited in this study all indicated that they try to separate fish from 
other animals and debris before sending the fish out to other sites (Virginia fish 
hatcheries personnel, personal communication, May-July, 2009). When draining ponds, 
screens are placed in front of the drain to prevent fish from being sucked out. Tadpoles 
are often sucked onto the screen, so brooms are used to push the tadpoles up and over 
the screen. The tadpoles are then discharged with the pond water into surrounding 
rivers and streams (King and Queen Fish Hatchery, personal communication, March 31, 
2010). Water, fish, and other animals that are removed from hatchery ponds are put into 
holding tanks in on-site hatching buildings and are kept there for at least 24 hours. 
During this time, hatchery workers clean debris out of the water and remove any 
tadpoles that may come to the surface of the tank with a dip net. Water is also 
continuously pumped into the holding tanks, so tadpoles that come to the surface are 
often pulled over the edge (“flow-over”). Additionally, a siphon can be placed at the 
bottom of the holding tank to remove any tadpoles that settle to the bottom. Fish tend to 
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remain in the middle of the water column, so their loss is minimal (VA DGIF, personal 
communication, March 31, 2010). These methods are not foolproof, and some tadpoles 
are inevitably transported to other locations with the fish. Currently, however, these are 
the only practical means of separating tadpoles from fish (VA DGIF, personal 
communication, March 31, 2010). Short of developing new methods for the separation 
of tadpoles from fish, hatcheries may opt to retain animals in holding tanks for longer 
periods of time, when feasible, to ensure that the greatest number of tadpoles are 
passively removed by flow-over or siphons. It may be worthwhile to take a more active 
approach and use dip net to remove tadpoles that may choose to remain in the middle 
section of water that is not affected by siphon or flow-over. 
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Chapter 5
Conclusion
 In published literature, researchers have been unable to detect ranavirus in warm 
water fish hatcheries in the south eastern United States (Green and Dodd 2007). The 
key finding of this study was that ranavirus is present in at least three warm water fish 
hatcheries in the state of Virginia, and ranavirus was previously detected in two ponds 
from Harrison Lake National Fish Hatchery by Karen Duncan-Pullen (Duncan-Pullen 
2008). The detection of ranavirus at Harrison Lake National Fish Hatchery in the 
present study, as well the presence of ranavirus at Front Royal Fish Hatchery and King 
and Queen Fish Hatchery, indicates that ranavirus may be more widespread in 
hatcheries than previously thought. To minimize the likelihood that ranavirus is spread 
when fish are moved out of hatcheries, wildlife and hatchery managers will need to be 
vigilant in their attempts to remove tadpoles from fish shipments. Separation methods 
do exist, but they are limited in their abilities to completely exclude all tadpoles from fish 
transports. Total nitrogen, total phosphorus, and pH were not significant predictors of 
ranavirus. However, there were significant relationships between the proportion of 
tadpoles infected with ranavirus and temperature (Chi square= 10.17, df=1, p=0.0014) , 
and with the length of time a pond had been filled with water prior to sampling (Chi 
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square= 4.7055, df= 1, p= 0.0301). Therefore, these two variables may be useful in 
predicting the proportion of tadpoles that test positive for ranavirus. Periodic draining 
and drying of ponds thus may be an effective method of eliminating or reducing 
ranavirus at a particular site. Further analysis is necessary, however, to determine if the 
relationship between these variables and the proportion of ranavirus positive tadpoles is  
the same at other fish hatcheries throughout the United States. Other environmental 
and biological variables may also be influencing the incidence of disease at hatcheries. 
Research should be focused on determining what these variables are, how they affect 
disease, and methods to reduce their impacts on amphibian populations.
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Appendix A
Table A-1:  Land use data (percentages) for each of the four hatcheries.
Land Use Type Front Royal Vic Thomas King and Queen Harrison Lake
Open Water 24.44% 0% 3.36% 2.80%
Developed, Open Space 4.44% 8.23% 2.68% 1.40%
Developed, Low Intensity 5.19% 5.06% 0% 0.32%
Deciduous Forest 28.15% 5.06% 13.42% 20.71%
Evergreen Forest 5.93% 20.25% 0% 41.64%
Mixed Forest 1.48% 0% 0% 13.27%
Pasture/Hay 24.44% 58.23% 14.77% 4.96%
Emergent Herbaceous Wetlands 5.93% 0% 14.77% 6.90%
Barren Land, (Rock/Sand/Clay) 0% 0% 26.17% 7.44%
Cultivated Crops 0% 2.53% 24.83% 0%
Shrub/Scrub 0% 0.63% 0% 0%
Woody wetlands 0% 0% 0% 0.54%
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Appendix B: Site Images
King and Queen Fish Hatchery: Pond with liner and pond after being drained
  
Front Royal Fish Hatchery: Typical hatchery pond
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Harrison Lake National Fish Hatchery: Typical hatchery pond
Vic Thomas Fish Hatchery: Drained pond and holding room
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Appendix C: Arial photographs
Photographs accessed from Google’s Google Earth software version 5.1.3533.1731
King and Queen Fish Hatchery
Front Royal Fish Hatchery
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Harrison Lake National Fish Hatchery
Vic Thomas Fish Hatchery
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Appendix D: Virginia State Map 
Map generated using the Texas A&M University “Do it Yourself Color-Coded State 
Maps” Generator at http://monarch.tamu.edu/~maps2/
State map of Virginia. The counties where each hatchery is located are shaded in blue. 
Vic Thomas Fish Hatchery, located in Campbell County, VA, is the southern-most 
county. Front Royal Fish Hatchery is located in Warren County, VA, the northern-most 
county. King and Queen Fish Hatchery is located in King and Queen County, VA, the 
northeastern county, and Harrison Lake National Fish Hatchery is located in Charles 
City County, VA, the southeastern county. 
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